Garnetite pods containing 460 mol % garnet in association with garnet-bearing quartz-rich lenses are sporadically distributed in the Khondalite Belt, North China Craton. The mineral assemblages and microtextures of garnetite occurring in quartzo-feldspathic sillimanite^garnet gneiss in the Xiaoshizi area allow definition of the metamorphic history of the area. Formation of garnet poikiloblasts coupled with their enclosing and matrix minerals quartz, sillimanite, plagioclase, biotite, rutile and ilmenite defines an M 1 assemblage consistent with partial melting and subsequent melt separation. Thermodynamic modeling of bell-shaped Ca zoning in garnet poikiloblasts confirms that this occurred during decompression. A retrograde M 2 assemblage replacing M 1 garnet or sillimanite is defined by two microdomains: coronas of Grt2 þ Crd (M 2a ) where quartz is present, and Spl þ Crd symplectite (M 2b ) where quartz is absent. The final metamorphic stage led to the coronal assemblage
I N T RO D UC T I O N
The Khondalite Belt (Fig. 1a) of the North China Craton has been studied intensively in recent years, especially following the discovery of ultrahigh-temperature (UHT) metamorphic rocks (Santosh et al., 2007a (Santosh et al., , 2009a Guo et al., 2012) . The North China Craton (Fig. 1a) was divided into the Eastern and Western Blocks, separated by the Trans-North China Orogen, by Zhao et al. (2001) . Zhao et al. (2005) further divided the Western Block into the Yinshan and Ordos Blocks, separated by the Khondalite Belt, and inferred that the Khondalite Belt was a collisional orogen, like the Trans-North China Orogen, based on the metamorphic P^T paths, lithologies, structure and geochronology of the high-grade rocks in the belt, and proposed that it formed before the amalgamation of the North China Craton. In their discussion of the presence of anti-clockwise P^T paths, Zhao et al. (1998 Zhao et al. ( , 2001 Zhao et al. ( , 2005 suggested that the metamorphism of the Western (mainly the Yinshan Block, as the Ordos Block is covered by the Mesozoic to Cenozoic strata of the Ordos Basin) and Eastern Blocks (Fig. 1a) was related to the intrusion and underplating of mantle-derived magmas, whereas the clockwise P^T paths involving near-isothermal decompression from the Khondalite Belt and the Trans-North China Orogen (Fig. 1a) reflected continental collision tectonics. Santosh (2010) interpreted the Inner Mongolia Suture Zone (i.e. the Khondalite Belt) as a subductionâ ccretion^collision orogen between the Yinshan and Ordos Blocks. In his model the tonalite^trondhjemiteĝ ranodiorite (TTG) gneiss, charnockite and calc-alkaline granite in the Suture Zone (i.e. the Khondalite Belt) represented an accreted oceanic plate sequence including a continental arc built up through subduction from the north. Santosh (2010) also speculated on the basis of recent seismic data that the North China Craton developed by double-sided subduction between major crustal blocks. The existence of these controversial models for its genesis and geological context necessitates a further study of the Khondalite Belt, especially its metamorphic P^T^t trajectories, to accurately constrain the tectonic evolution. Furthermore, the peak temperatures calculated from the metamorphic rocks in theJining terrane^eastern part of the Khondalite Belt (Figs 1 and 2) have not been well constrained, as they have been largely based on conventional Fe^Mg exchange thermobarometers. The low closure temperatures of these geothermobarometers (less than 8008C) overprinted by subsequent cation diffusion (Lu et al., 1992 (Lu et al., , 1996 Lu & Jin,1993) have consequences for the inferred PT paths not only because of the uncertainties in estimated temperature, but also because of the impacts on pressure calculations that result from Fe^Mg feedback effects (Frost & Chacko, 1989; Harley, 1989; Fitzsimons & Harley, 1994) . Advances in thermodynamic analysis, for example, THERMOCALC 3.33 (Powell & Holland,1988) and in particular the updated internally consistent thermodynamic dataset (e.g. Holland & Powell, 1998) , provide powerful quantitative methods to calculate P^T paths with greater confidence and precision. THERMOCALC makes it possible to correlate the bulk-rock compositions with their most stable mineral assemblages over a range of P^T space (i.e. P^T pseudosection calculation), and to use the contouring of calculated phase diagrams for cations that have low diffusivities, such as VI Al in orthopyroxene, and Ca in plagioclase and garnet, to provide additional constraints onthe P^Tcon-ditions. In addition, the pseudosection approach not only gives the peak metamorphic conditions, but also P^T path information, as well as allowing investigation of processes such as partial melting and melt loss (Powell & Holland, 2008) .
Garnetite with garnet contents up to 60 mol % is very rare and sporadically distributed in the metasedimentary rocks of the Khondalite Belt. In detail, two types of garnetite are identified. The first garnetite type occurs as horizons or lenses between gabbro dykes and their host metapelites (e.g. Tuguishan; Fig. 2 ), and contains abundant garnet, as well as orthopyroxene, rutile and plagioclase. Rivalenti et al. (1997) investigated similar garnetites in the Ivrea^Verbano Zone (Val Fiorina), NW Alps. The mineral assemblage in that case was Grt þ Bt þ Pl AE Cpx AE Hb AE Opx, and Rivalenti et al. (1997) suggested that these garnetites may have formed by two processes: (1) metasomatism through interstitial melt retention in amphibolites and metapelites undergoing synchronous anatexis; (2) reaction between metapelite-derived anatectic melt and phases segregated from a basaltic sill during its intrusion, which induced partial melting of the country rocks.
Mineral abbreviations are based on those of Whitney & Evans (2010) .
The second garnetite type occurs along with garnetbearing quartz-rich lenses as irregular pods within quartzo-feldspathic sillimanite^garnet gneiss (e.g. Xiaoshizi area; Figs 2 and 3). This garnetite type has a distinctive mineral assemblage consisting of Grt þ Sil þ Pl þ Qz þ Bt þ Ilm, with minor rutile, spinel, cordierite and orthopyroxene. The nearby garnet-bearing quartzrich lenses contain abundant quartz and minor garnet associated with rare biotite, K-feldspar, rutile and ilmenite.
This study focuses on the second garnetite type, from the Xiaoshizi area (Jining terrane of the Khondalite Belt; Figs 1^3), and utilizes its mineral assemblages and microtextures to deduce the P^Tevolution. The detailed petrography, reaction analyses coupling mineral chemistry with pseudosection calculations and independent geothermometric estimates (i.e. Zr-in-rutile) are presented, and a P^T path is derived using a combination of all of these constraints. The metamorphic evolution and petrogenesis of the garnetites, and the implications for the tectonic evolution of the Khondalite Belt between the Yinshan and Ordos Blocks, are discussed in the light of this new evidence. Fig. 2 . Distribution of the high-grade metamorphic rocks in the eastern segment of the Khondalite Belt (Jining terrane), North China Craton (modified after Guo et al., 2001a) .
G E O L O G I C A L S E T T I N G
The North China Craton (Fig. 1b) , one of the oldest basement terranes in China, is divisible into the Archean to Paleoproterozoic Eastern and Western Blocks and three Paleoproterozoic orogenic belts, namely the Trans-North China Orogen, Khondalite Belt, and Jiao-Liao-Ji Belt (Fig. 1a) (Zhao et al., 2001 (Zhao et al., , 2003 . Many researchers (e.g. Guo et al., 2001a Guo et al., , 2005 Zhao et al., 2002 Zhao et al., , 2007 Zhao et al., , 2008a Zhao et al., , 2008b Zhao et al., , 2010b Kro« ner et al., 2006; Zhang et al., 2006 Zhang et al., , 2007 Zhang et al., , 2009 Lu et al., 2008) have suggested that the craton formed by the collision between the Eastern and Western Blocks along the Trans-North China Orogen at $1·85 Ga. Before that, the Western Block formed by collision of the Ordos and Yinshan Blocks along the Khondalite Belt^Inner Mongolia Suture Zone at $1·95 Ga (Zhao et al., , 2010a Santosh et al., 2007b; Yin et al., 2009 Yin et al., , 2011 Santosh, 2010) .
The east^west-trending Khondalite Belt, which separates the northern Yinshan Block from the southern Ordos Block, is divisible into three terranes from west to east: JOURNAL OF PETROLOGY VOLUME 54 NUMBER 9 SEPTEMBER 2013 Helanshan^Qianlishan (HL^QL), Daqingshan^Ulashan (DU) and Jining (JN) (Fig. 1a) . The belt is mainly composed of granulite-facies metasedimentary rocks (Lu et al., 1992 (Lu et al., , 1996 Zhao et al., 1999 Zhao et al., , 2005 . The predominant rock types are quartzo-feldspathic gneisses, garnet-and sillimanite-bearing plagioclase gneisses, feldspathic quartzites, marbles and calc-silicate rocks, the protoliths of which were deposited on a passive continental margin (Condie et al., 1992; Lu et al., 1992 Lu et al., , 1996 . These lithologies are extensively exposed in the Jining terrane, near the junction of the Khondalite Belt and the Trans-North China Orogen (Fig. 2) , which mainly consists of sillimanite^garnet^K-feldspar gneisses and quartzo-feldspathic gneisses that contain horizons of marble, calc-magnesium silicate rocks, and rare graphitic gneiss (Lu et al., 1992) . The metasedimentary rocks are associated with meta-gabbronorites that document the intrusion of mantle-derived magmas, and abundant S-type granitoids . The S-type granitoids are particularly abundant in the Liangcheng area ( Fig. 2) , where they are interpreted to have formed through extensive partial melting of the metasediments . Ultrahigh-temperature assemblages have been identified from several localities, mainly situated in the eastern Daqingshan^Ulashan terrane (Dongpo) and the central Jining terrane (Tuguiwula, Tuguishan and Xuwujia) (Santosh et al., 2006 (Santosh et al., , 2007a Guo et al., 2012) , where gabbroic and noritic to dioritic intrusive bodies are also common, and metamorphosed under granulite-facies conditions (Guo et al., 2001b; Peng et al., 2010) . Four episodes of Precambrian deformation have been identified by previous researchers in the Jining terrane (Lu et al., 1992; Lu & Jin, 1993) . D 1 caused complex plastic deformation, particularly in mica schists and thin-bedded marbles. D 2 , the most important deformation in this region, is represented by tight, isoclinal to recumbent folds (Fig. 3) which produced a pervasive S 2 , ENE^WSW-striking schistosity. D 3 is characterized by open folds in S 2 that have subvertical, east^west-trending axial planes, and has created dome and basin structures. D 4 produced quartz^feldspar ribbon fabrics in ductile high-strain zones that have been attributed to strike-slip movements during crustal transtension.
Detrital zircons fromthe metasediments of the Khondalite Belt indicate protolith ages in the range of $2·3^1·9 Ga, whereas metamorphic zircons have ages of $1·95 Ga and $1·88^1·81Ga (Wu et al., 1998; Wan et al., 2006; Xia et al., 2006 Xia et al., , 2008 Yin et al., 2009 Yin et al., , 2011 Zhao et al., 2010c) .The $1·95 Ga ages, which are mainly preserved in zircons from the metasediments in the Helanshan^Qianlishan terrane far removed from the junction of the Khondalite belt and the Trans-North China Orogen (Fig. 1a) , have been interpreted to date the time of collision of theYinshan and Ordos Blocks along the Khondalite Belt (Yin et al., , 2011 Zhao et al., 2010c) . The younger metamorphic zircon ages, mostly from the Jining terrane, have been interpreted to constrain the timing of exhumation subsequent to collision (Guochun Zhao, personal communication) . The UHT metamorphism in the centralJining terrane is considered to have occurred at $1·92 Ga based on U^Pb ages of zircon and monazite chemical dating (Santosh et al., 2006 (Santosh et al., , 2007a (Santosh et al., , 2007b (Santosh et al., , 2009b . The Liangcheng S-type granitoids were emplaced over the 1·921 ·89 Ga time interval based on zircon U^Pb geochronology (Guo et al., 2001b; Zhong et al., 2007) . Samples for this study were collected in the Xiaoshizi area, about 25 km SW of Zhuozi Town (Fig. 2) . Figure 3 is a geological sketch map of the Dashizi to Xiaoshizi area that shows the major lithologies and structures. Garnetites were sampled from a small hill close to Xiaoshizi (Fig. 3) , where they form an irregular pod (c. 7 m long, c. 5 m wide) associated with garnet-bearing quartz-rich lenses ( Fig. 4a^c ) within quartzo-feldspathic sillimanite^garnet gneisses (Fig. 4d) . Figure 4e shows a sharp contact between the garnetite and a garnet-bearing quartz-rich lens, but in most exposures the contact is transitional. Figure 4f shows the appearance of typical garnetite in the field.
M I C ROT E X T U R E S A N D R E AC T I O N H I ST O RY
As shown in Fig. 5 , the garnetite contains 460 mol % garnet poikiloblasts, locally separated by an interstitial matrix containing sillimanite (7^10%), quartz (5^7%), biotite (2^3%), plagioclase (1^2%), ilmenite (1^2%), and rutile (c. 1%). Large garnet poikiloblasts (44 mm) typically contain various inclusions, with abundant quartz and minor biotite, plagioclase, sillimanite and rutile (Fig. 6a ), and occasionally rare spinel and orthopyroxene in their rims (Fig. 6b) . In contrast, medium and small garnet poikiloblasts (53 mm) contain few inclusions, but occasionally acicular sillimanite forms linear inclusion fabrics (Fig. 6c ). Sillimanite and biotite inclusions are in places replaced by a spinel-bearing assemblage ( Fig. 6d and e) . Garnet poikiloblasts and sillimanite show varying degrees of resorption associated with coronal or symplectitic reaction texture microdomains. For example, garnet forms newly grown aggregates and cordierite partially replaces garnet poikiloblasts and sillimanite in quartz-bearing domains (Fig. 6f^g) , whereas spinel and cordierite partially replace sillimanite in quartz-absent domains (Fig. 7a^d) . Orthopyroxene, plagioclase and cordierite occur around garnet poikiloblasts in sillimanite-absent microdomains (Figs 7e, f and 8a^c), and retrograde biotite occurs around garnet poikiloblasts and sillimanite (Figs 7a and 8d) . Pseudomorphs after a melt phase are also recognized between garnet poikiloblasts ( Fig. 8e and f) . Zircon, rutile, ilmenite, monazite and apatite occur in both garnet poikiloblasts and the matrix. Chlorite and sericite occasionally replace cordierite, biotite and plagioclase in the matrix.
Three metamorphic stages have been distinguished in these garnetites based on the observed microtextures and their overprinting relationships (Table 1) .
Major mineral assemblage in garnetite at stage M 1 Sillimanite, quartz, plagioclase, biotite, ilmenite and rutile occur as inclusions in both garnet poikiloblasts and the matrix ( Fig. 6a and c) . These minerals associated with the Coronal or symplectitic association at stage M 2 Formation of newly grown garnet (Grt2) and/or spinel after garnet, sillimanite and biotite marks the onset of M 2 , and is usually preserved in the form of composite inclusions in garnet poikiloblasts ( Fig. 6d and e) . In some microtextures minor K-feldspar also occurs with spinel replacing biotite, which suggests a biotite dehydration reaction to form spinel, quartz, and/or garnet, and/or K-feldspar. However, in most cases within the matrix, Grt2 and Spl are generally localized to different microdomains dependent on the presence of quartz (Fig. 7f) , so that they occur with coronal cordierite in separate sites (Figs 6f^h and 7a^d) . Thus, M 2 is divided into two substages to distinguish the quartz-present (M 2a ) from quartz-absent (M 2b ) microdomains.
Stage M 2a Grt þ Crd coronas
Grt1 and sillimanite grains are extensively replaced, in local microtextures (c. 0·3 mm in size), by coronas consisting of Grt2 aggregates, ilmenite and cordierite in the presence of quartz (Fig. 6f^h) . Biotite is also a common phase (Fig. 6f) . Thus, the mineral assemblage at
Based on the microtexture (Fig. 6f^h) , the local domain has experienced a reaction consuming Grt1, sillimanite and quartz, and producing Grt2 aggregates, cordierite and ilmenite. Biotite may be a reactant in this case, leading to the formation of hydrous mineral cordierite and facilitating production of melt. Thus, the proposed reaction is
Stage M 2b Spl þ Crd symplectites Fine-grained spinel and cordierite are ubiquitous in intergrowths replacing sillimanite amongst dominant Grt1 in microdomains where quartz is absent (0·5 mm in size, Fig. 7a^d ). Biotite is usually present, and spinel coexists with ilmenite (Fig. 7b^d) . This results in the M 2b mineral assemblage Spl þ Crd þ Sil þ Grt þ Bt þ Ilm. No new garnet is identified from the petrography, but a change to more Fe-rich compositions on Grt1 rims is considered to reflect equilibrium with Spl þ Crd, as spinel inclusions occasionally occur in these garnet rims. This assemblage is interpreted to result from reaction of Grt1 and sillimanite and/or biotite to form the Spl þ Crd þ Ilm association, with the involvement of biotite promoting the production of melt:
The replacement of Grt1 rims by subhedral Grt3, orthopyroxene, plagioclase, cordierite, and biotite is identified in localized domains (0·5 mm in size) (Figs 7e, f and 8ad ). Thus, the M 3 mineral assemblage is taken to be
Formation of retrograde biotite requires the addition of a melt or fluid phase. This microtexture is interpreted to reflect operation of the following multivariant reaction:
As shown in Figs 7f and 8a, b, both orthopyroxene and sillimanite occur amongst the garnet grains, but never in contact with each other. In the absence of detailed petrographic observations this could be used to infer the presence of coexisting Opx þ Sil, a diagnostic mineral assemblage of UHT metamorphism [in the presence of Qz and K-feldspar; see Harley (1998a Harley ( , 1998b Harley ( , 2004 Harley ( , 2008 ]. However, these two minerals are always separated by cordierite, and no K-feldspar exists in the matrix. In Fig. 7f , orthopyroxene has grown until it is almost in contact with sillimanite, but these phases do not form a stable paragenesis as orthopyroxene is produced with cordierite in a domain formed at the expense of former garnet, whereas sillimanite is simply a relict grain situated on garnet, surviving from the Grt1 þSil M 1 /M 2 assemblage (Fig. 9) . Consistent with this, the Al content of the orthopyroxene is low compared with that in typical UHTrocks worldwide (Harley, 1998a (Harley, , 1998b (Harley, , 2004 (Harley, , 2008 Osanai et al., 2004; Brandt et al., 2007; Santosh et al., 2007a; Kelsey, 2008) . Pseudosection calculations (see later section) support the petrographic interpretation that orthopyroxene and sillimanite did not coexist in the garnetite at any stage of the metamorphic history.
In conclusion, stage M 1 is represented by garnet poikiloblast (Grt1) formation coupled with its enclosing and 
M I N E R A L C H E M I ST RY
All mineral analyses, except for rutile, were performed with a JEOL JXA-8100 electron microprobe (EMP) at the Institute of Geology and Geophysics, Chinese Academy of Sciences in Beijing, China. Operating conditions were 15 kV and 10 nA with a 3 or 5 mm beam size. Count times were 20 s on peaks and 10 s on each background. Natural and synthetic phases were used as standards. Minerals were routinely analyzed for Na, Mg, Al, Si, K, Ca, Ti, Mn, Fe, Zn/Ba, Cr, and Ni. Biotite was also analyzed for F and Cl. The data were processed with an online ZAFtype correction. Representative analyses of garnet, biotite, plagioclase, spinel, orthopyroxene, and cordierite are given in Tables 2^7 and illustrated Table 8 .
Garnet
Poikiloblastic garnet (usually 42 mm diameter) is a PrpÂ lm solid solution with
, with minor grossular and spessartine (Table 2 ; Fig. 10 ). Garnet cores þ mantles (X Mg ¼ 0·320 ·40) contain 30·7^39·0 mol % pyrope, 57·6^65·7 mol % almandine, 3·0^3·7 mol % grossular, and 0·5^0·8 mol % spessartine, whereas rims (X Mg ¼ 0·27^0·35) have 25·93 3·9 mol % pyrope, 62·4^69·7 mol % almandine, 2·83 ·2 mol % grossular, and 0·5^0·8 mol % spessartine. Garnet poikiloblasts generally show asymmetrical compositional zoning in terms of almandine (and spessartine) and pyrope, which increase and decrease respectively towards (and in) the rims (Fig. 11) , reflecting post-peak FeM g exchange with adjacent Fe^Mg minerals. In contrast, grossular shows concentric zoning with a bell-shaped profile ( Fig. 11) , with contents decreasing continuously towards the rim.
Grt2 shows broadly similar chemical compositions to the rims of garnet poikiloblasts, with X Mg of 0·31^0·33, pyrope of 29·8^31·6 mol %, almandine of 63·4^64·7 mol %, and spessartine of 0·6^0·8 mol %, but has higher grossular contents of 4·2^5·0 mol % (Table 2 
, mineral is present in the assemblage.
(from 0·33 to 0·31), pyrope (from 31·3 to 29·8 mol %), and spessartine (from 0·8 to 0·6 mol %) decrease slightly from core to rim, whereas almandine (from 63·4 to 64·7 mol %) and grossular (from 4·2 to 4·9 mol %) increase slightly. Grt3 has the lowest X Mg (0·26^0·31) and pyrope (24·9^29·8 mol %), but the highest spessartine (0·7^1·0 mol %) and almandine (66·2^71·1%), with a grossular content of 2·6^3·4 mol %.
Biotite
As shown in Table 3 Fig. 12b and c) . However, X Mg^F shows positive correlations, which are distinct for the inclusion biotite grains when compared with matrix grains (Fig. 12d ). In the case of single biotite grains, those grains present as inclusions in garnet are too small to see the difference (50·25 mm), but X Mg and Ti (p.f.u.) decrease slightly towards the rim in the matrix grains. Matrix biotite grains lack chemical differences that could be ascribed to the different metamorphic stages (M 1 , M 2 , and M 3 ). However, as most of the grains occur around garnet poikiloblasts as retrograde phases, they may all have been produced during M 3 . Pre-existing biotite that may have been involved in melt-forming reactions [reactions (1) and (2), M 2 ] is preserved only as inclusions (i.e. Bt1) in garnet poikiloblasts.
Plagioclase
Plagioclase (Pl1) in Grt1 preserves the lowest anorthite contents (An 20^35 ). Plagioclase present in the matrix together with Grt1, sillimanite and quartz has similar anorthite contents of An 29^32 , suggesting that they formed 
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the Spl component remains reasonably constant at 203 0 mol % (Fig. 13) . Single spinel grains do not exhibit any zoning or compositional variation. As inferred above from consideration of the reaction textures and composite inclusion features, both spinel grains in Grt1 and the grains in the matrix, which generally occur in intergrowths with cordierite, were produced during stage M 2 , but in different microdomains.
Orthopyroxene
The Al 2 O 3 contents of orthopyroxene are lower than 5 wt %. This reflects low formation temperatures in cases where the reactant garnets are low in Ca and the product orthopyroxenes are intermediate in X Mg (e.g. Harley, 1984 Harley, , 1998b , as is the case here. X Mg and VI Al cations of orthopyroxene are in the range of 0·55^0·65 and 0·04^0·10 p.f.u., respectively ( 
Cordierite
Cordierites in the garnetites can be divided into four textural types, coexisting with Grt2, Sil þ Spl in symplectites, Opx þ Qz þ Grt3 AE Pl, or alone surrounding Grt1 or sillimanite. In all these cases their X Mg is similar (Table 7) . However, cordierite grains close to ilmenite, magnetite and/or Grt2 show slightly higher X Mg (up to 0·85), whereas grains close to biotite have lower X Mg (0·77). Cordierite X Mg increases slightly from core to rim when adjacent to other Fe^Mg minerals, notably garnet. Overall the range of X Mg in cordierite is from 0·77 to 0·86. 
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Other minerals
Sillimanite contains minor FeO total (0·21^0·54 wt%) and Cr 2 O 3 (0·10^0·32 wt%). Fe 3þ is calculated to be lower than 0·013 cations (p.f.u.). Ilmenite usually contains minor MgO (c. 0·15 wt %), MnO (0·12^0·17 wt %), and Cr 2 O 3 (0·13^0·17 wt %). Rutile exhibits a range of compositions in terms of Zr (c. 500^5000 ppm), Nb (c. 2000^5000 ppm), and Cr (c. 400^600 ppm) ( Table 8) .
P H A S E E Q U I L I B R I A A N D T H E R M O M E T RY C A L C U L AT I O N S Phase equilibria calculations
P^T pseudosections for each stage involving M 1 , M 2a , M 2b , and M 3 have been modeled using THERMOCALC 3.33 (Powell & Holland, 1988; updated in October 2009) together with the internally consistent thermodynamic dataset (created in November 2003) of Holland & Powell (1998) (Figs 14^17) . The calculations were preformed in the NCKFMASHTO (Na 2 O^CaO^K 2 O^FeO^MgOÂ l 2 O 3^S iO 2^H2 O^TiO 2^F e 2 O 3 ) system, and the corresponding activity^composition (a-x) models are garnet, biotite and silicate melt (White et al., 2007) , spinel, orthopyroxene and magnetite , ilmenite (White et al., 2000) , cordierite (Holland & Powell, 1998) , and plagioclase (Holland & Powell, 2003) . Aluminosilicates and quartz are modeled as pure phases.
Determining bulk compositions
Whole-rock bulk compositions were determined by Axils X-ray fluorescence spectrometry (XRF) using a CLAISSE M4 Fluxer at the Institute of Geology and Geophysics, Chinese Academy of Sciences. The detected elements are Si, Ti, Al, T Fe3þ (total Fe 3þ ), Mn, Ca, Na, K and P. FeO was obtained by colorimetry (chemical titration with potassium permanganate), preceded by digestion in a multi-acid mixture (HF^H 2 SO 4^H3 BO 4 ) in a nonoxidizing environment. The whole-rock composition of sample dsz20 is used for P^T pseudosection modeling of the major mineral assemblage at stage M 1 (Table 9) .
During post-peak processes, especially cooling, the effective bulk composition of the equilibrium volume (the volume of rock that, at a given P and T, reacts to be in 
Structural formulae normalized to 4 oxygens chemical equilibrium) will change as a result of decreasing diffusion rates (Stu« we, 1997). Furthermore, in the pelitic system, garnet is usually the slowest diffusing phase, developing zoning profiles during cooling. Hence, the removal of garnet core compositions from the reacting equilibrium volume will cause changes to the effective bulk composition (Stu« we, 1997) . In the present case of the garnetite, the large grain size (usually 42 mm) and strong compositional zoning in the garnet poikiloblasts (Fig. 9) suggest that successively greater volumes of the M 1 garnet have been effectively removed from the reacting equilibrium volume of the rock. Thus, the whole-rock bulk composition is not appropriate for the modeling of every stage (i.e. M 2a , M 2b and M 3 ) of the metamorphic history (Powell & Holland, 2008) . We have therefore taken the approach of using the local bulk compositions of single microdomains to model each stage separately (e.g. Warren & Waters, 2006; Groppo et al., 2009a Groppo et al., , 2009b A ¤ lvarezValero & Waters, 2010) . Microdomain chemical compositions were estimated utilizing the mineral compositions of the phases involved (from EMP) and their volume proportions using area estimation software by Jinhui Pan, coupled with Photoshop 7.0 imaging ( Table 9 ). Proportions of Fe 3þ to Fe 2þ for each microdomain composition were retrieved from Fe-bearing minerals for which Fe 3þ /Fe 2þ was estimated using stoichiometric charge balance (Spear & Kimball, 1984) . C- Fig. 15 inTable 9 refers to the composition used for the calculation of Fig. 15 , and the corresponding local domain for this is the dotted rectangle in Fig. 6g , which is calculated to represent the stage M 2a equilibrium microdomain. C- Fig. 16 in Table 9 refers to the composition used for calculating Fig. 16 , and the local area for this is that inside the dotted rectangle of Fig. 7d , which represents the equilibrium microdomain for M 2b . The local area for modeling stage M 3 P^T conditions (Fig. 17) is that inside the dotted rectangle in Fig. 8a , labeled as C- Fig. 17 in Table 9 .
Calculation of meaningful P^T pseudosections requires estimation of the water content in the bulk composition. This is not a trivial issue, as in a melt-bearing system it will depend upon the amount of melt gained, lost or transferred through the domain of interest during its equilibrium. A series of T^X (H 2 O mol % in rock) pseudosections (Figs 14a, 15a , 16a and 17a) were calculated for each stage at different pressures, to determine water contents in 
Structural formulae normalized to 18 oxygens
b.d., below detection limit. FeO T is total FeO.
JOURNAL OF PETROLOGY VOLUME 54 NUMBER 9 SEPTEMBER 2013 the systems. Taking into account both the chemical compositions and volume percentages of the minerals analyzed in thin section, water contents were then determined to ensure good comparability between the observed and calculated mineral data (the shaded areas in Figs 14a, 15a, 16a and 17a), which are discussed in detail below. Finally, the water contents in each system were constrained using a different approach as a test of consistency and sensitivity. The water contents in the residual solids can be regarded as being mainly preserved in cordierite and biotite, as little former liquid now exists (5 1·0 mol %; Figs 15 and 17) in the garnetite, shown by the bulk-rock composition (SiO 2 -poor and FeO-, MgO-, Al 2 O 3 -rich; Table 9 ). Furthermore, demonstrated that the removal of nearly all of the melt at a temperature above the breakdown of biotite was required for the preservation of the peak mineral assemblage in an aluminous pelite. In the present case, biotite is secondary and shows a small volume percentage in each modeling approach (Table 9) . Harley et al. (2002) proposed that cordierite in equilibrium with granitic melt contains 0·4^1·6 wt % H 2 O. Thus, we have used the cordierite volume percentages and their water contents from Harley et al. (2002) to estimate minimum water contents and compare them with those calculated using the T^X (H 2 O mol % in rock) pseudosections to constrain the final water contents to be used in the P^T pseudosections (Figs 14b, 15b, 16b and 17b).
Evaluation of the effective bulk composition of the microdomains
Several recent studies have demonstrated that it is essential to use different microdomain compositions to constrain the P^T conditions of different metamorphic stages (e.g. Warren & Waters, 2006; Groppo et al., 2009a Groppo et al., , 2009b A ¤ lvarez-Valero & Waters, 2010) . This is because the heterogeneous nature of the rock, especially high-grade rocks with variably coarse grain sizes, makes it unlikely that the whole-rock composition can reflect the whole metamorphic evolution if local equilibrium has occurred and growth-zoned minerals with relict cores are present.
As discussed by Stu« we (1997), it is impossible to identify the realistic equilibrium volume and therefore the effective bulk composition exactly. The equilibrium volume will generally be of different sizes for different elements, and some elements may be derived from outside the physically defined microdomain. For example, the equilibrium volume for Fe and Mg, with their faster cation diffusion rates, would be larger than that of Ca. When selecting the equilibrium volume, if Ca equilibrium can be demonstrated on the basis of a lack of Ca zoning in the participant phases, then Fe^Mg will most probably be in equilibrium too. Thus the kinetics of elements shared by the coexisting minerals is controlled by the slowest diffusing species in the system (Berger et al., 2005) . As grain boundary diffusion is much more rapid than volume diffusion, it is appropriate to include those phases far removed from the reaction site that can easily be accessed along grain boundaries (Stu« we, 1997). Moreover, fluids and deformation may also affect the size of the equilibrium volume. Fluid infiltration will enlarge the equilibrium volume, but is subject to cooling rate like diffusion. As long as no mass transfer occurs associated with fluid infiltration, the system can still be regarded as closed on the scale of the equilibrium volume under consideration (Stu« we, 1997). In addition, the lack of knowledge about three-dimensional grain size and shape in the analyzed domain will add to the uncertainties in the estimate of the bulk composition.
In this study, the products of the reaction in all the selected local domains are unzoned or only weakly zoned, and the relict core of the poikiloblastic M 1 garnet is excluded from the local domain (Figs 6g, 7d and 8a) . To account for grain boundary diffusion, the rims of the surrounding grains (e.g. garnet) are regarded as part of the equilibrium volume. As the garnetite preserved a granulite-facies mineral assemblage such as Grt þ Sil þ Qz þ Pl þ Bt at stage M 1 , the high-grade metamorphism precluded the existence of a free fluid along grain boundaries, although melt might be present. In addition, no deformation structures have been identified.
As emphasized by A ¤ lvarez-Valero & Waters (2010), a somewhat arbitrary choice of the boundary of the local domain does not in most cases significantly affect the P^T conditions, which mainly rely on matching the observed and analyzed phase compositions and modes in the calculated phase equilibria, no matter what volume has been defined. A ¤ lvarez-Valero & Waters (2010) also showed that the area measurement of the local domain may exaggerate the compositional contribution from a porphyroblast core, and under-represent the matrix envelope contribution compared with its likely volume contribution. Based on their calculations of the sensitivity of field boundaries in the phase equilibra to uncertainty in the bulk composition estimation, they concluded that low-variance assemblages were insensitive, but high-variance assemblage boundaries were more uncertain. JOURNAL OF PETROLOGY VOLUME 54 NUMBER 9 SEPTEMBER 2013 When the prograde history of a rock has involved melt loss, it is necessary to add the melt composition back into the observed rock composition before attempting modelling by pseudosections White et al., 2004) , if the objective is to constrain the prograde P^T conditions of the rock prior to reaching the melting interval (e.g. White et al., 2004; Indares et al., 2008; Groppo et al., 2012) . As shown in Table 9 , the garnetite has a SiO 2 -poor and FeO-, MgO-, Al 2 O 3 -rich refractory composition, consistent with it being a residue after the removal of considerable melt rich in K 2 O and Na 2 O. However, it is difficult to evaluate when the melt loss occurred; for example, whether during or after formation of the garnet poikiloblasts (i.e. M 1 ). Nevertheless, it is evident from both the textural features of the garnetite and its structural setting that the M 1 assemblage was suprasolidus and coexisted with a melt phase (Fig. 8e and f) . Indares et al. (2008) have shown from forward modeling of melt loss that the main suprasolidus topologies do not change significantly in different scenarios of melt loss because they are largely controlled by the solid phases. This general result was also emphasized by . Based on this, we consider that the precise composition of the lost melt and timing of its loss will have only a small effect on the P^T estimates for this suprasolidus assemblage (M 1 ).
P^T conditions from phase equilibria calculations
Determination of the P^T conditions of granulite-facies rocks is difficult owing to the fact that diffusion is fast at high temperatures, and the compositions of minerals that are interpreted to have once been in equilibrium will continue to be affected by cation exchange (e.g. Fe^Mg in biotite) until a closure temperature is reached (Powell & Holland, 2008) . Thus, the minerals formed during granulite-facies metamorphism, especially the Fe^Mg minerals, do not in general record their peak metamorphic compositions. Garnet is regarded as the most resistant mineral to diffusion (Florence & Spear, 1991; Stu« we, 1997) . As shown in Fig. 11 , the compositional zoning of garnet (c. 3·5 mm) shows clear signs of diffusional re-equilibration, with almandine increasing and pyrope decreasing near the rim. Ca diffusivities are several orders of magnitude slower than those of Fe and Mg (Tuccillo et al., 1990; Schwandt et al., 1996; Vielzeuf et al., 2007) , and consequently the more distinct zoning pattern in grossular content in the garnet, decreasing continuously and significantly from the core towards the rim, is unlikely to result from diffusion, but rather is due to growth (Fig. 11 ) with smoothing by later diffusion. This is consistent with calcium variations in plagioclase inclusions, which increase towards garnet rims (Table 4 ) and hence suggest garnetp lagioclase equilibrium during garnet growth. In addition, the limited length-scales for diffusion are also supported by the regularly spaced symplectite or corona nature of the replacement products after garnet or sillimanite (Figs 6^8) .
Taking these factors into account, thermobarometric determination of the P^T conditions of garnetites in this study mainly relies on slower-diffusing cations, such as Alin-orthopyroxene and Ca-in-garnet, and plagioclase, as well the proportions of the analyzed phases in the calculated pseudosections, but avoids use of the faster-diffusing cations such as Fe and Mg in ferromagnesian minerals, especially biotite. The estimated P^T conditions of each stage presented in the following section are regarded as minima.
P^Tconditions of stage M 1 Figure 14a shows the T^X (H 2 O mol % in rock) pseudosection for stage M 1 over the range 0·1^5·0 mol % H 2 O and 750^10508C. This has been used to closely constrain the water contents in the system. Contours of Ca cations in garnet are shown in the Grt þ Sil þ Qz þ Pl þ Bt field. Figure 14b shows the P^T pseudosection of sample dsz20 over the range 750^10508C and 6^13 kbar, which is used to constrain the P^T conditions of stage M 1 . Isopleths of garnet volume fraction and Ca (cations, p.f.u.) contents in garnet are shown in the fields of Grt þ Sil þ Qz þ Pl þ Bt and/or Grt þ Sil þ Qz þ Pl þ Bt þ Kfs. Comparing the observed mineral assemblages with the calculated results, the M 1 stage is in the field of Grt þ Sil þ Qz þ Pl þ Bt in both figures, with garnet volume fractions greater than 70% (Fig. 14b) . Based on the calculated average Ca cations in Grt1, the M 1 stage would locate in a field at 800^8608C and 0·7^1·0 mol % H 2 O (at 9·0 kbar, Fig. 14a) , and 8008 508C and 8·5^9·5 kbar (at 0·794 mol % H 2 O, Fig. 14b ), ignoring the inherent uncertainties on the isopleth positions in P^T space. The influence of water content on the system is small (Fig. 14a) . Based on the measured grossular content of the Grt1 cores (Ca cations c. 0·035; Fig. 11 ) it would appear that Grt1 started to form at c. 10 kbar.
P^Tconditions of stage M 2a Figure 15a shows the T^X (H 2 O mol % in rock) pseudosection for stage M 2a over the range 0·1^5·0 mol % H 2 O and 750^9508C, used to determine precise water contents in the system. Figure 15b presents the calculated P^T pseudosection over the range 700^10008C and 6^10 kbar, used to constrain P^T conditions of stage M 2a in a local domain shown by the dotted rectangle in Fig. 6g . Isopleths of melt, garnet, and cordierite volume fractions and Ca cations in garnet are shown for the multivariant field Grt2 þ Sil þ Bt þ Crd that corresponds to the M 2a mineral assemblage in both figures. When considering the proportions of the major minerals Grt2 and cordierite (see Table 9 ), as well the Ca cations in garnet in this corona, the field for this M 2a assemblage is calculated as 8508 608C and 1·7^2·0 mol % H 2 O (at 7·6 kbar; Fig. 15a ) and 850^8658C and 7·4^7·6 kbar (at 1·768 mol % H 2 O; Fig. 15b ). These P^T estimates will retract to lower temperatures, and more melt will be present in the system, if higher H 2 O contents are assumed. However, as shown in Fig. 15a , the water contents constrained using the proportions and chemical compositions of the participating minerals are rather restricted, so the effect of different estimated water contents within the available range is limited and can be ignored.
P^Tconditions of stage M 2b Figure 16a shows the T^X (H 2 O mol % in rock) pseudosection for stage M 2b over the range 0·1^8·0 mol % H 2 O and 750^9508C, used to determine precise water contents in the system. Figure 16b presents the P^T pseudosection over the range 800^11008C and 5^9 kbar, which has been used to constrain the P^T conditions of stage M 2b . The local domain is the dotted rectangle area shown in Fig. 16a and b) , based on comparison of modeled and observed volume fractions of the participating phases (Table 9 ). As shown in Fig. 16a , the assemblage of Grt þ Sil þ Crd þ Bt þ Spl þ Liq would be restricted to higher temperatures (49008C) if a lower water content is estimated in the system. However, the volume fractions of the phases involved in this local domain constrain the water content to between 2·2 and 3·1mol %.
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Fig. 14. (a) T^X (H 2 O mol % in rock) pseudosection calculated to determine the water content in the system at 9·0 kbar, for the same bulk composition as in (b), except that the H 2 O mol % is from 0·1 to 5·0 mol %. (b) P^T pseudosection calculated for the M 1 mineral assemblage of the garnetite with the bulk composition in molar fractions: Table 9 ) lead to estimates of 710^7208C and 1·6^3·1mol % H 2 O at 6·6 kbar (Fig. 17a) , and P^T estimates of 710^7208C and 6·4^6·6 kbar at the assumed water content of 1·768 mol % used in the calculations of Fig. 17b .
As the highest IV Al in orthopyroxene value detected by EMP has been used, the P^T conditions obtained constitute the maxima for stage M 3 . Below 7108C the domain is H 2 O-saturated for the assumed water content, meaning that fluid would be a phase in excess in the system. As shown in Fig. 17a , based on the 0·09 IV Al in orthopyroxene isopleth, the temperature of stage M 3 could be lower than 6808C given the range in the chemical compositions of the orthopyroxene (Table 6 ). Variations within the allowable range of water contents have little impact on the calculated conditions, which instead are limited by VI Al in orthopyroxene of 0·10 in Fig. 17a .
Thermometry estimates
Results from Zr-in-rutile thermometerça further constraint on M 1 conditions
The Zr-in-rutile thermometers of the Ferry & Watson (2007) and Tomkins et al. (2007) models (at 9 kbar) were applied to the rutile grains in the garnetites (Table 8 , Fig. 18 ). We prefer the Tomkins et al. (2007) model as it includes a pressure correction term, consistent with the volume change of the governing reaction between rutile, zircon, and quartz. The rutile grains in garnetites are mostly present as inclusions in Grt1 or in contact with Grt1 in the matrix, and hence are attributed to stage M 1 . The estimate of 9 kbar for rutile formation is based on the Ca cations isopleth for Grt1 in the M 1 assemblage (Fig. 14) . For this pressure the Zr temperatures of the measured rutile grains are in the range 690^9498C. The point-topoint uncertainty on the temperature estimate is less than 58C, as the precision on the measured Zr contents in rutile is less than 20 ppm. Rutile grains that are neither replaced by ilmenite nor grown adjacent to zircon grains yield high temperatures (Fig. 18a^c) . One rutile included in garnet (Fig. 18b) has a Zr content of c. 4200 ppm and thus records a temperature of c. 9208C. Another grain included in garnet (Fig. 18c) has the highest Zr content (up to c. 5200 ppm) and gives the highest temperature of 9498C. In other textural settings, and in particular where other oxides have formed, the rutile grains yield lower temperatures owing to the effects of retrograde net-transfer of Zr cations and nucleation of late zircon. An example of this is seen in Fig. 18d , in which rutile located between Grt1 and plagioclase has been partly replaced by ilmenite accompanied by the production of fine-grained zircon. In summary, the Zr-in-rutile temperatures obtained for the least altered, usually isolated rutile grains reflect the peak or near-peak temperature conditions at stage M 1 , which were c. 820^9498C at 9 kbar. These thermal conditions overlap with those obtained from pseudosection modeling, but are shifted to higher temperature in the case of the highest rutile Zr content analyses (Fig. 19) .
As shown in the modeled P^T pseudosection for M 1 (Fig. 14b) , the rutile-in line does not appear until the pressure exceeds 11 kbar in the kyanite-bearing field, which is inconsistent with our observations that rutile was one of phases coexisting with M 1 garnet poikiloblasts and that no kyanite was present in M 1 . The rutile-in line is also incompatible with the measured garnet composition, in which Ca cations in garnet are less than 0·035. This 
(See text for an explanation of C- Fig.xx.) n.d., not determined. LOI, loss on ignition.
contradiction might result from the high trace element concentrations (Fe, Zr, Nb and Cr) in the rutile (Table 8) , which may have enhanced its stability to lower-P and higher-T conditions compared with those estimated by phase equilibria modeling in the NCKFMASHTO system. Kelsey & Powell (2011) have built an a^x model for zircon as well as Zr-bearing silicate melt, garnet and rutile. Thus, in principle phase diagrams that explicitly include ZrO 2 in the bulk composition can be calculated to investigate the stability of rutile in the NCKFMASHTO(ZrO 2 ) system. We expect that this type of work will be extended to allow calculation of rutile stability in more realistic systems that incorporate the effects of those impurities that may be significant in this phase.
D I S C U S S I O N A N D C O N C LU S I O N S Evidence for syn-M 1 melting
Melt pseudomorphs occurring in the garnetite suggest the existence of melt during the formation of the garnet poikiloblast ( Fig. 8e and f) . The bell-shaped Y and HREE profiles of Grt1 (Jiao et al., unpublished data) also suggest that it formed in a melt-bearing environment (Rubatto, 2002; Hermann & Rubatto, 2003; Whitehouse & Platt, 2003) . Moreover, extensive partial melting of metasedimentary rocks has taken place in this area to produce S-type granitoids . Recognition of the former presence of melt provides the rationale for calculation of suprasolidus pseudosections for all the metamorphic stages of the garnetite (Figs 14^17).
Effect of Zn in spinel
The high Zn content in spinel grains from the garnetites will undoubtedly affect the P^T conditions displayed in pseudosections constructed for spinel-bearing assemblage domains (i.e. Fig. 16 ). Unfortunately, at present there is no valid ZnKFMASHTO system in which to consider the Zn-bearing bulk composition quantitatively. However, the experimental ZnFMASH system and Schreinemaker's constraints from the qualitative ZnKFMASHT system indicate that the stability fields of all spinel-bearing mineral assemblages move to lower temperatures by addition of Zn, because of the strong partitioning of Zn into spinel over all other phases in the absence of staurolite (Nichols et al., 1992; Hand et al., 1994) . Nichols et al. (1992) further noted that Zn effectively stabilized spinel to higher pressures in the garnet field and to lower pressures in the cordierite field. Given the likely effects of Zn, the P^T conditions of stage M 2b , which on the pseudosections (Fig. 16 ) are shifted to higher temperature and lower pressure in comparison with the P^T conditions of M 2a (Fig. 15) , must be regarded with some caution. M 2a and M 2b are two substages of M 2 occurring in different local domains, and hence might form contemporaneously rather than in sequence. Thus, we suggest that the P^T conditions of M 2 experienced by the garnetite were 850^8658C and 7·4^7·6 kbar based on the modeling applied to M 2a , whereas the higher temperatures and lower pressures (910^9258C and 6·8^7·1kbar) obtained from modeling of M 2b are erroneous because of neglect of the Zn effect in the pseudosection. According to the spinel chemical compositions analyzed by EMP (Table 5) , it appears that spinel with ZnO 2 contents of c. 13 wt % will shift the temperature to 608C higher, and the pressure c. 0·5 kbar lower.
As noted in several previous reviews (Waters,1991; Harley, 1998a) , the Spl þ Qz assemblage in metapelites may be an indicator of UHT metamorphism (higher than 9008C). However, the presence of Zn may stabilize the Spl þ Qz assemblage to lower granulite-facies conditions (Stoddard, 1979; Shulters & Bohlen, 1989; Dasgupta et al., 1995) and makes it difficult to evaluate the thermal significance of the Zn-bearing Spl þ Qz assemblages enclosed by Grt1 in the garnetites considered in this study ( Fig.6d and e) .
P^T path of the garnetites
According to the quantitative phase equilibria and Zr-inrutile thermometry calculations, the P^Tconditions of the Fig. 19 . P^T projection showing the P^T path determined in this study for garnetite (rectangles indicating P^Testimates and black bold lines), and previous metamorphic P^T paths depicted by other researchers from the Khondalite Belt. 1, High-pressure metapelites from the Helanshan terrane (Yin et al., unpublished data) ; 2, high-pressure metapelites from the Qianlishan terrane ; 3, high-pressure metapelites from the Jining terrane (Wang et al., 2011) ; 4, silica-undersaturated sapphirine-bearing granulites from the Daqingshan terrane ; 5, sapphirine-bearing granulites from the Jining terrane (Santosh et al., 2009a) . stages (from M 1 to M 3 ) experienced by the garnetite are 820^8508C (even up to 9508C) and 8·5^9·5 kbar, 8508 658C and 7·4^7·6 kbar, and 710^7208C and 6·4^6·6 kbar, respectively. These results allow the construction of an extensive segment of its P^T path. Consequently, a clockwise P^T path involving an initial post-peak near-isothermal decompression and subsequent cooling is deduced for the garnetites of the Khondalite Belt (Fig. 19) . During M 1 , the rocks mainly experienced decompression from c. 10 kbar to 8·5 kbar at temperatures of 820^8508C (even up to 9508C). Rutile became unstable and was partially replaced by ilmenite, and Ca in plagioclase increased, whereas Ca in garnet decreased with decompression. The growth of Grt2 or Spl coupled with Crd during M 2 resulted from reactions involving Grt1, Sil and Bt in quartz-present or -absent microdomains. During M 3 , Grt1 was extensively replaced by a Grt3 þ Opx þ Crd þ Pl þ Bt association in sillimanite-absent microdomains. At this stage, Ca cations in plagioclase show the highest values, and retrograde biotite grains show lower X Mg and F contents, but higher Cl contents compared with those biotite grains surviving as inclusions in Grt1.
No kyanite was found in our samples, though Lu et al. (1992 Lu et al. ( , 1996 , Lu & Jin (1993) , and Wang et al. (2011) reported kyanite-bearing aluminous gneisses near Zhuozi and Tuguiwula in the Jining terrane. In those occurrences kyanite occurrs as inclusions in garnet and in the matrix, and the textural relations between kyanite and sillimanite suggest that the relict kyanite-bearing assemblages formed prior to the peak stage (Cui, 1987 ) (i.e. pre-M 1 ).
Petrogenesis of the garnetites
The bulk-rock composition of the garnetite listed inTable 9 is depleted in silica and enriched in aluminium and iron compared with typical subsolidus pelites, and suggests that the garnetites are fragments of a residue after melt extraction, which is a common process during crustal anatexis and preservation of granulite-facies rocks White et al., 2004) . The association of garnet with sillimanite argues against the garnetites being accumulations from a melt (Stevens et al., 1997) . Furthermore, the high proportion of garnet suggests that there was a considerable flux or loss of melt, as mass-balance calculations on garnet-producing dehydration-melting reactions in typical pelites such as those in the Khondalite Belt require that the volume of melt is greater than or equal to that of peritectic garnet produced in the reaction. For example, in the Neogene Volcanic Province of SE Spain, enclaves of restitic bulk composition formed after up to 60% melt extraction (Cesare et al., 1997; A ¤ lvarez-Valero & Waters, 2010) . In addition, the widespread distribution of S-type granitoids (garnet granites) in the metasediments of the Liangcheng^Zhuozi area (Fig. 2) indicates that the sedimentary rocks in the Khondalite Belt experienced extensive crustal anatexis during heating or decompression under granulite-facies conditions. Hence, the garnetites are likely to have been generated through the incongruent dehydration melting of biotite in the protolith (Patin‹ o Douce & Johnston, 1991) . Based on the preserved mineral assemblage, the garnetite might be generated through reaction of Bt þ Sil þ Qz þ Pl ¼ Grt þ Ilm/Rt þ Kfs þ Liq, and Kfs þ Liq were removed from the system during melt loss, which resulted in the depletion of K and Na in the garnetite and the associated garnet-bearing quartz-rich lens. The separation of the garnetite and garnet-bearing quartz-rich lens occurred during or after the generation of peritectic garnet (Grt1). The obtained Zr-in-rutile temperatures, up to 9508C (Table 8; Figs 18 and 19), suggest that the protoliths were heated sufficiently to produce high volumes of granitic melt and peritectic garnet. Recent parallel studies that have applied two-feldspar and Zr-in-rutile thermometers to the metasedimentary rocks of the Khondalite Belt have obtained comparably high temperatures of c. 820^10208C and c. 800^10008C, respectively . These results, along with the localized occurrence of some diagnostic UHT mineral assemblages, such as Spr þ Qz and Opx þ Sil AE Qz (Santosh et al., 2007a) , indicate that the Khondalite Belt protoliths had experienced very high temperatures before or during their extensive melting to produce S-type granitoids and garnetite residua.
The production of the garnetite as a residue from partial melting is supported by a number of experimental studies on the melting of synthetic or natural pelitic compositions. Green (1976) presented experimental melting studies on a synthetic glass close to the average pelitic composition with 2 and 5 wt% added water, and demonstrated that garnet, quartz, biotite, sillimanite, and plagioclase are the important restitic phases coexisting with granitic liquid at 10 kbar. This is consistent with the mineral assemblage Grt1 þSil þ Qz þ Pl þ Bt ( þ Ilm þ Rt) present at stage M 1 of our garnetites. Moreover, the compositions of garnet in the above experimental study are similar to those in the garnetite studied here. Patin‹ o Douce & Johnston (1991) experimentally demonstrated that garnet, aluminosilicate, quartz, rutile, and ilmenite were the principal restitic phases at temperatures of c. 9008C, with Ti-rich biotite and calcic plagioclase also present depending on the bulk composition of the protolith, but alkali feldspar is always absent. Again, this is consistent with the M 1 mineral assemblage in the garnetite. The starting material used by Patin‹ o Douce & Johnston (1991) was a natural metapelitic rock from northern Idaho (USA), the composition of which is similar to the quartzo-feldspathic sillimanite^garnet gneisses along the Dashizi^Xiaoshizi section in the Khondalite Belt (Fig. 3) . Patin‹ o Douce & Johnston (1991) further suggested that fractionation or separation of restitic garnet from peraluminous anatectic magmas is an essential process prior to the crystallization of S-type granitoids, as this fractionation prevents much of the orthoclase component in the melt from recombining as biotite during cooling. In the case of the Khondalite Belt the steep, heavy rare earth element (HREE)-depleted REE patterns of several strongly peraluminous granitoids are consistent with the formation of substantial peritectic garnet during melting of typical flat HREE crustal protoliths, followed by the separation of that garnet from the melt, which crystallized elsewhere as an HREE-depleted granitoid . Thus, we conclude that the garnetite, and the associated garnet-bearing quartz-rich lenses that yield the same zircon U^Pb ages (Jiao et al., unpublished data) , are the result (residuum) of crustal anatexis controlled by the incongruent dehydration-melting of biotite þ sillimanitebearing metasediments beginning at c. 10 kbar and 8208 508C (even up to 9508C).
Implications for the tectonic evolution of the orogenic belt
As shown in Fig. 19 , Yin et al. (2007; unpublished data) investigated high-pressure pelitic granulites from the Qianlishan and Helanshan terranes in the Khondalite Belt, and demonstrated clockwise P^T paths that involved near-isothermal decompression (paths 1 and 2; Fig. 19 ). Wang et al. (2011) investigated the aluminous gneisses in the Jining terrane, determining a clockwise P^T path that involves isothermal decompression from peak conditions of 10 kbar and 8258C (path 3; Fig. 19 ). These results, when combined with available isotopic age data (Santosh et al., 2007b (Santosh et al., , 2009b Yin et al., 2009 Yin et al., , 2011 , support the model of Zhao et al. (1999 Zhao et al. ( , 2005 , who suggested that the Khondalite Belt formed by the collision of the Yinshan and Ordos Blocks at $1·95 Ga.
Several UHTgranulites have been discovered within the Khondalite Belt, as described by Santosh et al. (2007a Santosh et al. ( , 2009a and Guo et al. (2012) . The P^T paths determined for these granulites by those researchers all have an isothermal decompression segment (paths 4 and 5; Fig. 19 ), albeit at higher temperatures than those deduced here and in one case preceded by a phase of near-isobaric cooling (path 5). Those researchers preferred a metamorphic age of $1920 Ma for the UHT rocks, and proposed that the UHT metamorphism was caused by the emplacement of coeval mantle-derived gabbronorite intrusions during either ridge subduction or mantle plume impact (Santosh & Kusky, 2010) . Zhao (2009) argued that the $1·92 Ga UHT metamorphism occurred later than the collision of the Yinshan and Ordos Blocks, and in the light of this timing, suggested that the UHT metamorphic event was related to the emplacement of mantle-derived magmas in a post-collisional extensional setting. Zhai et al. (2010) remarked that the high-temperature^ultra-high-temperature (HT^UHT) granulites within the North China Craton exhibit a syn-metamorphic geothermal gradient of 22^288C km^1, much higher than the P^T gradients associated with subduction-related orogens in Phanerozoic collisional belts, and also show a much slower exhumation rate. Zhai & Santosh (2011) further speculated that the HT^UHT metamorphism developed along the collisional sutures at $1·95^1·82 Ga, enhanced either by a thermal input from the sub-lithospheric mantle resulting from slab-break off and asthenospheric injection, or by magmas in a subduction regime, the cryptic pathways of which were defined by the present-day exposures of metagabbros and metamorphosed gabbronorites.
Our clockwise P^T path from the garnetite in the Jining terrane is similar to those deduced by previous researchers (Fig. 19, paths 1, 2 and 3) , which show near-isothermal decompression. It is consistent with the collisional characteristics of the Khondalite Belt suggested by Zhao et al. (2005) . The peak conditions of the garnetite are higher than those for the normal metasedimentary rocks (paths 1^3), but lower than those for the UHT metamorphic rocks (paths 4 and 5) in the Khondalite Belt. Moreover, zircon U^Pb data from the garnetites and the associated garnet-bearing quartz-rich lenses, and the adjacent quartzo-feldspathic sillimanite^garnet gneisses, indicate a similar age of $1890 Ma for zircon grains and overgrowths formed during stage M 1 (Jiao et al., unpublished data) . As discussed above, the garnetites are considered to have been generated as residua, composed mainly of peritectic minerals formed in association with granitic melts that segregated and crystallized elsewhere to produce at least some of the S-type granitoids present in the Khondalite Belt over the time period $1920^1890 Ma (Guo et al., 2001b; Zhong et al., 2007) . Chemical and isotopic evidences that mantle-derived magmas provided negligible contributions to these S-type granitic melts , suggests that their generation, and that of the garnetite, is unlikely to be directly related to mantle-derived gabbronorite intrusions or mantle plume impact at $1·92 Ga, as in models proposed by previous workers (Santosh & Kusky, 2010; Guo et al., 2012) to explain the $1·92 Ga UHT metamorphism in the Khondalite Belt. Instead, the clockwise P^T path involving near-isothermal decompression depicted here is considered to reflect exhumation associated with orogenic extension that initiated at $1890 Ma. This followed HT and UHT metamorphism, potentially as early as $1920 Ma, and the emplacement of S-type granitoid magmas at $1920^1890 Ma, which were the natural consequences of the prolonged deep burial of high-heat-producing crustal material in the large, long-lived, hot orogen (Beaumont et al., 2006; Clark et al., 2011; Jamieson & Beaumont, 2011) that formed as a consequence of collision between the Yinshan and Ordos Blocks at $1·95 Ga.
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